The MLL (mixed-lineage leukemia) gene is involved in many chromosomal translocations associated with acute myeloid and lymphoid leukemia. We previously identified a transcriptional repression domain in MLL, which contains a region with homology to DNA methyltransferase. In chromosomal translocations, the MLL repression domain is retained in the leukemogenic fusion protein and is required for transforming activity of MLL fusion proteins. We explored the mechanism of action of the MLL repression domain. 
T
he MLL (mixed-lineage leukemia) gene located on chromosome band 11q23 is involved in many chromosomal translocations associated with acute leukemia (1) (2) (3) (4) (5) . MLL is involved in translocations with Ͼ40 different genes, and breakpoints in MLL fall in an 8.3-kb breakpoint cluster region (refs. 6 and 7; see Fig. 6 ). The 430-kDa MLL protein is cleaved specifically into amino and carboxyl terminal peptides, which associate with each other (8) (9) (10) . Domains of MLL include AT hooks, repression and activation domains, plant homeodomain (PHD) fingers, and a SET [Su(var)3-9, enhancer of zeste, and trithorax] domain, which was shown recently to have histone methyltransferase activity (10, 11) . Recent murine models of MLL leukemia, including one from our lab, have confirmed that the aminoterminal portion of MLL fused in-frame to the partner gene is critical for leukemogenesis (12, 13) . These fusions retain the AT hooks and the repression domain of MLL but lose the PHD, activation, and SET domains. The MLL repression domain initially was defined by using a reporter gene system (14) and was shown to be critical in the context of an MLL fusion for bone marrow transformation in vitro (15) . Recently, this region of MLL also was shown to bind nonmethylated CpG DNA in vitro (16) . Only by understanding how the MLL protein, including the repression domain in the amino-terminal portion of MLL, normally performs its regulatory functions can one infer how the MLL fusion proteins lead to hematopoietic cell transformation and leukemia development. In this respect, it will be important to characterize more extensively the interaction between the MLL repression domain and corepressors, and to assess the significance of these interactions.
It was shown recently that DNA methyltransferase 1 (DNMT1) binds to histone deacetylase 1 (HDAC1), and this activity maps immediately adjacent to the region of sequence similarity between DNMT1 and MLL (17) . The region of similarity, the cysteine-rich CXXC domain, is highly conserved among a small group of proteins, including DNMT1, MLL, and methyl-CpG-binding protein 1 (MBD1͞PCM1) (5, 14, (18) (19) (20) . Two regions of MLL, the CXXC domain (RD1) and the adjacent region (RD2), behave independently as transcriptional repressors in a reporter gene system (14) . Although it is unknown how HDAC1 mediates the repression function of DNMT1, several possibilities exist. HDACs are believed to repress transcription by recruiting repressor complexes (21) or by removing acetyl groups from core histone tails in chromatin; hypoacetylated chromatin is often associated with a transcriptionally inert state.
Recently, studies have shown that polycomb group (PcG) proteins and the C-terminal-binding protein (CtBP) are corepressors in gene regulation (22) (23) (24) (25) (26) (27) (28) . In Drosophila and mouse, PcG proteins maintain the silencing of Hox gene expression (29) , whereas trx or Mll are required to maintain expression of certain Hox genes (30, 31) . The axial-skeletal transformations and altered Hox expression patterns of Mll-and Bmi-1-deficient mice are normalized when both Mll and Bmi-1 are deleted, demonstrating their antagonistic role in determining segmental identity (32) . It also has been shown that some Hox genes, including c8 but not all Hox genes, are affected reciprocally by Mll and Bmi-1 (32) .
We addressed the question of whether activity mediated by the MLL repression domain is conferred by HDACs or other corepressors. Here, we present evidence that the repression domain specifically interacts with HDACs 1 and 2, and repression activity of this MLL domain is relieved partially with trichostatin A (TSA), an inhibitor of HDACs. Furthermore, binding of HDAC1 to the MLL repression domain is increased by Cyp33 binding to the adjacent MLL-PHD finger domain. In addition, the cysteine-rich CXXC region of the MLL repression domain (RD1) interacts with two PcG proteins HPC2 and BMI-1 as well as with the corepressor CtBP. Although direct interaction between trithorax and polycomb group proteins has been hypothesized, we now demonstrate that such an interaction exists and likely has functional implications.
HDAC2 and PING14A-HDAC4 (T. Kouzarides, Cambridge University, Cambridge, U.K.). HPC2 was translated in vitro from pcDNA3-T7-HPC2 (A. Otte, University of Amsterdam, Amsterdam). IVTT was performed by using the TNT system (Promega). PMT7-tagged BMI-1 (A. Otte) was expressed in bacteria. GST and GST-fusion proteins were expressed in DH5␣ or BL21 and purified as described (14) . Bound proteins were resolved by SDS͞PAGE and autoradiographed, or immunoreactive bands were revealed by using an enhanced chemiluminescence kit (Amersham Biosciences). 293T cells were transiently transfected by calcium phosphate precipitation with DNA (20 g) full-length pcDNA3-MLL-F (S. Korsmeyer, Harvard University, Cambridge, MA, and M. Seto, Aichi Cancer Center Research Institute, Nagoya, Japan), GAL4-CtBP, FLAG-CtBP (R. Baer, Columbia University, New York), pMT2SM-HA-BMI-1 (M. van Lohuizen, Netherlands Cancer Institute, Amsterdam), pcDNA3-MLL(RDϩPHD)-F, or various pCMV-FLAG-MLL subdomains and cells were collected 48 h posttransfection. Cells were lysed in IPH buffer [50 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞5 mM EDTA͞0.5% NP-40͞10 l/ml protease inhibitor mix (Sigma)], and a binding assay was performed as described (17) . Antibodies were used according to the manufacturer's instructions. Antibodies used were: anti-GAL4 (Santa Cruz Biotechnology), anti-FLAG-M2 (Sigma), anti-T7 monoclonal (Novagen), anti-HDAC1 and -CtBP (Upstate Biotechnology), anti-HA (Sigma), anti-HDAC3 (P. Marks and R. Rifkind, Memorial SloanKettering Cancer Center, New York), and anti-BMI-1 (Santa Cruz Biotechnology). Membranes were stripped (PBS with 7 l͞ml 2-mercaptoetanol and 2% SDS) at 50°C for 30 min of agitation, washed for 30 min in PBS, and then reequilibrated in blocking buffer.
Cell Culture, Transfections, and CAT Assay. 293T and HeLa cell lines were grown in DMEM with 10% FCS at 37°C and 5% CO 2 . CAT assays were performed as described (14) .
Overexpression of Cyp33 and HOX RT-PCR. The plasmids pHA-Cyp33 and the deletion construct pHA-⌬Cyp33, which lacks the conserved cyclophilin domain, have been described (33) . Human erythroleukemia cell line K562 (5 ϫ 10 6 cells) was transiently transfected, RNA was isolated, and the effect of cyclosporine was tested as described (33) . TSA (100 nM) was added 5 h after transfection. RT-PCR was performed by using a Marathon cDNA kit (CLON-TECH) with primers that have been described (33) .
Results

MLL Repression Domain
Interacts with HDAC1 and -2. We previously defined the repression and activation domains in MLL by using a reporter gene assay (14) , but the mechanism by which the repression activity is mediated is unknown. The MLL repression (R͞MT) domain (amino acids 1101-1400) contains a region with homology to methyl DNA-binding proteins, including MBD1 and DNMT1 (17, 19) . Interestingly, the DNMT repression activity, which maps to this region, is mediated partially through recruitment of HDAC1 (17) . A GST pull-down assay initially was used to determine whether MLL(R͞MT) interacts with HDACs in a similar manner. GST-fusion proteins of MLL (R͞MT), Rb (protein known to interact with HDAC1, as a positive control; ref. 34) , and Egr1 (as a negative control) or other proteins were expressed, and protein amounts were normalized by Coomassie blue staining (data not shown). Proteins were immobilized on GST-Sepharose and incubated with different HDACs expressed by transient transfection in 293T cells or by IVTT. After extensive washing, FLAG-tagged HDAC1 proteins bound to GST proteins were analyzed by SDS͞ PAGE. FLAG-tagged HDAC1 was able to bind specifically to immobilized GST-MLL(R͞MT) (amino acids 1101-1400; Fig. 1A , lane 2), to either GST-MLL RD1 (amino acids 1101-1250) or RD2 (amino acids 1251-1400) alone ( Fig. 1 A, lanes 3 and 4) , and to positive control GST-Rb ( Fig. 1 A, lane 5 ), but did not bind to the immobilized GST alone or to GST-Egr1, another negative control ( Fig. 1 A, lanes 1 and 6) . IVTT-expressed 35 S-labeled HDAC2 was able to bind GST-MLL(R͞MT) (data not shown), but neither the transiently transfected HDAC3 nor IVTT-expressed HDAC4 bound to GST-MLL(R͞MT) (data not shown). Furthermore, coimmunoprecipitation experiments confirmed that endogenous HDAC1 interacts with MLL(R͞MT), MLL(RD1), and MLL(RD2) (Fig. 1B, lanes 2-4) . To determine whether HDAC1 enzymatic function was relevant to MLL repression domain function, reporter gene assays were performed in HeLa cells in the presence or absence of TSA, an inhibitor of HDAC activity. We found that repression mediated by the second half of the MLL repression domain (RD2) could be relieved partially by TSA, whereas that mediated by the CXXC domain (RD1) or by the full repression domain (R͞MT) was not (Fig. 1C) . The data indicate that the MLL repression mechanism is mediated at least partially through binding to HDACs. Coimmunoprecipitation was used to determine whether the full-length MLL protein, which contains both repression and activation domains as well as PHD and SET domains, interacts with HDAC1. Full-length FLAG-tagged MLL was incubated with nontagged HDAC1 and immunoprecipitated by anti-FLAG beads. After extensive washing, the immunoprecipitated protein bound to FLAG-MLL was analyzed by Western blotting with anti-HDAC1 antibody. HDAC1 was able to bind to full-length MLL ( Fig. 2A , lane 4), and this interaction could be detected even with endogenous HDAC1 (Fig. 2 A, lane 5).
Cyp33 Increases the Binding of HDAC1 to the MLL Repression Domain.
Cyp33 is a nuclear cyclophilin that interacts with the third PHD zinc finger domain of MLL (33) . Cyp33 contains an RNArecognition motif (RRM) and a conserved cyclophilin domain. It has recently been demonstrated that Cyp33 negatively affects transcription of the HOXC8 and HOXC9 genes (33) , targets of MLL function. Because the MLL-PHD zinc finger domain is adjacent to the MLL repression domain, we wished to determine whether binding of Cyp33 to the PHD domain affected binding of HDAC1 to the MLL repression domain. FLAG-tagged MLL(RDϩPHD) expressed by transient transfection was incubated in the presence or absence of HDAC1 and͞or HA-tagged Cyp33 protein, also expressed by transient transfection. After immunoprecipitation with anti-FLAG beads, the proteins were detected with anti-HDAC1 antibody. Cyp33 increased the binding of HDAC1 to MLL(RDϩPHD) compared with HDAC1 alone (Fig. 2B, compare lanes 4 and 3) . Furthermore, we demonstrated the same effect of Cyp33 on HDAC1 binding to full-length MLL (Fig. 2 A) , where Cyp33, in the presence of endogenous HDAC1, significantly increased binding (Fig. 2 A, compare lanes 3 and 5). Interestingly, additional expression of HDAC1 increased the binding even more (Fig. 2 A, compare lanes 2 and 4), suggesting that endogenous HDAC1 may have been limiting in this experiment. The results suggest that Cyp33 may be involved in regulation of MLL activity mediated through HDAC1. We recently have shown that the expression of HOXC8, a target of MLL function, is inhibited and HOXC6 expression is enhanced after expression of Cyp33 but not after expression of a truncated Cyp33 protein lacking the cyclophilin domain (ref. 33 ; Fig. 3 ). It is likely that HOXC6 expression is increased in these experiments because HOXC8 represses HOXC6 (33, 35) . These effects are suppressed by cyclosporin A, which shows that they likely are mediated by the cis͞trans prolyl-isomerase activity of Cyp33 and also by TSA, which in turn shows that they depend on the activity of histone deacetylases (Fig. 3) . Because repression mediated by the first half of the MLL repression domain (that containing the conserved CXXC motif) was not relieved by TSA (Fig. 1C) , we performed experiments to determine whether other repressors could be mediating this activity. CtBP has been identified as a corepressor that can recruit PcG proteins (24, 36) , whose repression activity is not inhibited by TSA (36) . CtBP also can recruit HDACs, and, in that case, its repression activity is inhibited by TSA. A GST pull-down assay with various, immobilized GST-MLL RD proteins incubated with GAL4-tagged CtBP protein expressed by transient transfection demonstrated that CtBP binds to both MLL(R͞MT) and MLL(RD1) but not to GST alone or to MLL(RD2) (Fig. 4A) . Coimmunoprecipitation experiments confirmed the interaction of MLL(RD1) with endogenous CtBP (Fig. 4B) , whereas MLL (1-672) that contains the AT hook domain was negative.
Repression mediated by at least one type of PcG complex, PRC1, has been shown to be independent of HDAC activity (28) . HPC2 is a member of this complex that has potent transcriptional repression activity (37) and has been shown to interact with CtBP (24) . Because CtBP binds to the MLL repression domain, we wished to determine whether HPC2 also binds to the MLL repression domain. GST-HPC2 and various control GSTfusion proteins were expressed, immobilized proteins were incubated with FLAG-tagged MLL(RD1) or MLL(RD2), or FLAG-CtBP (as a positive control) expressed by transient transfection, and bound proteins were detected with anti-FLAG antibody. MLL(RD1) (Fig. 4C, lane5 ) was able to bind GST-HPC2 but not MLL(RD2) (Fig. 4C, lane 6 ) or GST alone (not shown). To determine whether MLL(RD1) might bind directly to HPC2, the binding assay was repeated by using IVTTexpressed 35 S-labeled HPC2 (or HDAC1 as a positive control). 
Both GST-MLL(R͞MT) and MLL(RD1) interacted with HPC2
but not GST alone (Fig. 4D ). This suggests that MLL(RD1) might interact directly with HPC2.
BMI-1, Another PcG Protein, Interacts with the MLL Repression Domain
and Enhances MLL Repression Activity. Mll regulates expression of various Hox (Type I homeobox) target genes (31, 32) . Hox gene regulation by Mll is thought to be mediated at the chromatin level and to be antagonized by Bmi-1, a mammalian homologue of Drosophila polycomb. Our data show that MLL(RD1) interacts with HPC2 and CtBP, but exogenously added HPC2 and CtBP do not potentiate the MLL(RD1) repression activity (data not shown). BMI-1 has been shown to interact with HPC2 (38) and to interact genetically with Mll (32) . Therefore, we wished to test whether BMI-1 could interact with the MLL repression domain. GST-MLL repression domain proteins as well as various control GST proteins were incubated with bacterially expressed T7-tagged BMI-1 (Fig.  5A) . GST-MLL(R͞MT), GST-MLL(RD1), and GST-MLL(RD2) interacted with BMI-1 but not GST alone or GST-Egr1. GST-HPC2 was included as a positive control (Fig. 5A) . Coimmunoprecipitation experiments demonstrated that FLAG-MLL(RD1) and FLAG-MLL(RD2) both can interact with endogenous BMI-1, whereas FLAG-MLL (1-672) does not (Fig. 5B) . To determine whether BMI-1 binding was relevant to MLL repression domain function, reporter gene assays were performed in 293T cells. We found that repression mediated by the first half of the repression domain, MLL(RD1), could be enhanced significantly by exogenously expressed BMI-1. However, the second-half repression domain, MLL(RD2), and MLL(R͞MT) repression activity was not enhanced by added BMI-1 (Fig. 5C ).
Discussion
MLL is a large, multidomain protein, the product of a gene involved in chromosomal translocations associated with leukemia. The amino-terminal portion of MLL contains a region with transcriptional repression activity (14) . Furthermore, this domain must be intact for an MLL fusion protein to be transforming (15) . It is not known mechanistically how this domain may contribute to MLL function in vivo. Within the MLL transcriptional repression domain, a region with homology to other proteins, including DNMT1, is present. This homology includes what is termed the ''CXXC'' domain, a cysteine-rich region present in some proteins that recognize methylation status of DNA. It had been described that this region of DNMT1 functions as a transcriptional repression domain and binds HDAC1 (17) . Our data demonstrate that the MLL repression domain binds class I HDACs, including HDAC1 and HDAC2. This interaction likely has functional relevance because treatment of cells with TSA, an inhibitor of HDAC activity, partially relieves repression mediated through the RD2 domain. This suggests that the function of this MLL domain may be mediated by a complex containing HDACs. Recently, a stable MLL complex was purified, and HDACs 1 and 2 were found in this complex (10) . MLL repression domain activity was not completely dependent on HDAC activity, however, because repression mediated by the RD1 domain, which contains the CXXC motif, was not inhibited by TSA. This is similar to what was observed for DNMT1 function, where only repression mediated by the region adjacent to the CXXC domain, but not that mediated by the CXXC domain itself, depended on HDAC activity (17) . This suggests that some additional factor(s) is involved in mediating the function of this MLL domain.
Repression activity mediated by the PRC1 complex of PcG proteins is independent of HDAC activity (25) . Therefore, we explored the possibility that PcG proteins could be responsible for some of the MLL repression domain activity. We found that two PcG proteins, HPC2 and BMI-1, interact with MLL. It is possible that the interaction of HPC2 with MLL(RD1) is direct because bacterially expressed GST-MLL protein interacted with IVTT-expressed HPC2 (Fig. 4B ). HPC2 and BMI-1 colocalize in nuclear domains and are present in a complex with RING1 and HPH1͞2 (37, 38) . It also has been shown that HPC2 interacts with the corepressor CtBP through a PXDLS motif, similar to the motif through which CtBP interacts with other proteins (24) . We demonstrate here that CtBP coimmunoprecipitates with MLL(RD1), the region with the CXXC motif. It is likely that CtBP is recruited to this region of MLL indirectly through HPC2 because MLL(R͞MT) does not contain a PXDLS motif. We do not yet know whether these proteins, HPC2, BMI-1, and CtBP, bind simultaneously and͞or cooperatively to the MLL repression domain or whether binding of one can inhibit binding of others. Our data suggest that the HPC2͞BMI-1͞CtBP repression is dominant over HDAC repression in our reporter gene systems, but we do not know whether HDAC is part of the same complex(es) or of a competing complex in vivo. We do have preliminary data, however, that neither HPC2 nor CtBP compete with HDAC1 for binding to MLL(RD1) (data not shown).
It is intriguing that Mll has been shown to interact genetically with Bmi-1 to normalize partially some of the homeotic transformations and Hox gene-expression defects observed with either Mll mutant or Bmi-1 null mice (31, 32) . Although the mechanism through which a trithorax group gene such as Mll can affect the function of a PcG gene such as Bmi-1 is unknown, it is possible that direct protein-protein interactions play a role. It has been shown recently that overexpressed MLL and overexpressed Bmi-1 partially colocalize in nuclear subdomains (32) , suggesting that these two proteins interact in vivo. We have data that further support this by showing partial colocalization of endogenous BMI-1 with MLL proteins that contain all of the previously identified nuclear targeting sequences (39) of MLL (data not shown). It is of note that in Drosophila embryos, chromatin immunoprecipitation assays have been used to demonstrate that trx (homolog of MLL) and PSC (homolog of BMI-1) bind to distinct but adjacent DNA elements in the bxd enhancer of the Ultrabithorax gene (30) , and a direct interaction has been hypothesized between a PcG complex containing PC, ASX, and SXC with TRX that would modulate activation vs. repression of target loci (40) . In cells with normal amounts of wild-type MLL protein, overall MLL activity depends on a balance of repression and activation, depending on the context of a particular downstream target gene at a particular time. The repression domain can recruit a polycomb and͞or HDAC corepressor complex, whereas the activation domain can recruit CBP (41) and potentially other members of a coactivator complex (Fig. 6) . The ultimate resultant function of MLL at a particular locus would depend on the specific transcription factors present and whether or not a gene was being actively transcribed. If the coactivator complex was dominant (in greater abundance or more stable at a particular locus), then it would be able to recruit a chromatin-remodeling complex, such as SWI͞SNF, to that region, and an open chromatin configuration would be maintained by modification of nucleosome tails by HAT activity of complex members, including CBP and͞or other recruited proteins with HAT activity. This could augment the positive effect of the MLL-SET domain's intrinsic H3K4 methyltransferase activity (10, 11) . Alternatively, if the repression complex was dominant or more stable, it would recruit a polycomb complex and, either alone or in association with HDAC activity, would induce a repressed state of chromatin at target gene loci. At least two different polycomb complexes have been described: (i) the human HPC͞HPH complex analogous to the Drosophila PRC1 complex contains HPC2 (human polycomb 2), BMI1 (the homolog of Drosophila PSC), HPH (human polyhomeotic), and RING1 and is resistant to HDAC inhibitors; and (ii) a complex composed of EED (homolog of Drosophila extra sex combs) and EZH2 (enhancer of zeste 2) that does not contain polycomb or BMI1 and mediates its repressive activity via interaction with HDAC proteins (27, 38, 42) . Our evidence shows that components of both types of complexes can interact with the MLL repression domain. The presence of one type of polycomb complex bound to MLL vs. another may affect the ability of a remodeling complex to induce gene expression at the target locus. For example, it has been shown that if the polycomb-containing complex PRC1 binds first to a nucleosomal array in vitro, SWI͞SNF cannot remodel chromatin (25) . Our model would predict that in cells at different stages of development or differentiation, one or other of these complexes would be bound.
In the case of MLL fusion genes that cause leukemia, the balance of the repression and the activation activities would be altered or would be regulated abnormally. For example, the SET domain at the carboxyl terminus of MLL would not be present; therefore, it would not be able to methylate histone H3 lysine 4 at target gene loci (10, 11) or bind SNF5 (43), a member of the SWI͞SNF chromatin-remodeling complex. This diminished ability to methylate chromatin and to recruit a chromatin-remodeling complex could have important implications in terms of downstream target gene regulation. In addition, the MLL activation domain would be replaced. Many of the MLL fusion partners have been shown to contain domains with transcriptional activation activity, but it is not yet known whether these would be able to recruit the same coactivator complexes and chromatin-remodeling complexes as recruited by normal MLL. One final domain of MLL that is not present in MLL fusion proteins is the PHD finger domain, which has been shown to bind to the nuclear cyclophilin Cyp33 (33) . Overexpression of Cyp33 inhibits expression of HOXC8 and HOXC9, downstream targets of MLL function (33) . Our data show that Cyp33 binding to MLL (when the PHD domain is present) increases the binding of HDAC1 to the MLL repression domain. Furthermore, we show that inhibition of HDAC activity with TSA suppresses the ability of Cyp33 to inhibit HOXC8 expression. One potential way to explain the effect of Cyp33 on the MLL-HDAC1 interaction has to do with the cis͞trans prolyl-isomerase activity of its cyclophilin domain. One might expect that one of two alternative conformations of MLL, maintained by the prolyl-isomerase activity of Cyp33, may be needed for binding to HDAC1. In the context of the MLL fusion proteins, HDAC binding to the repression domain may not be as strong because Cyp33 would not be able to bind and effect the proper conformation of MLL. This also may affect binding of the PcG proteins, ultimately altering the balanced function of the protein. Although this model is hypothetical at this point, there are many aspects that can be tested experimentally. 
